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FUNCTIONAL GENOMICS REVEALS MOLECULAR PROGRAMS 
ASSOCIATED WITH RECOVERY FROM SPINAL CORD INJURY IN 
LAMPREYS 
PAIGE HERMAN 
ABSTRACT 
 The lamprey is a basal vertebrate that achieves spontaneous functional recovery 
after complete spinal cord transection over a stereotypical period of 12 weeks. Despite 
anatomical, physiological, and behavioral data on spinal cord regeneration in lamprey, 
the molecular mechanisms underlying this capacity are largely unknown. In this study, 
next generation RNA-sequencing (RNA-Seq) of the brain and injury site within the spinal 
cord was used to determine and compare transcriptional profiles of uninjured and 
recovered lampreys at 12 weeks after spinal cord injury (SCI), when normal swimming 
behavior is achieved. The objective of this study was to determine if recovered animals 
had a significantly different transcriptional program than uninjured animals.  Significant 
differences in gene expression were observed, with 1468 and 1033 differentially 
expressed genes in the spinal cord and brain respectively. Leveraging functional data for 
mammalian homologs of differentially expressed genes, several conserved transcription 
factors and molecular pathways in both uninjured and injured animals were identified.  
Gene expression patterns associated with functional recovery in lampreys may be useful 
in guiding studies aimed at modulating mammalian responses to spinal cord injury, and 
promoting functional recovery in species with less spontaneous regenerative potential. 
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INTRODUCTION 
 
 Why can some organisms regenerate parts of their nervous system, while others 
cannot (J. Smith et al., 2011)? This central question of biology is particularly important in 
the context of traumatic spinal cord injury (SCI) in humans, where losses of sensory and 
motor functions and suppressed immune system function have dramatic effects on 
physical function, quality of life and survival (Brommer & Popovich, 2014). Even with 
recent advances in our understanding of the molecular cascades accompanying SCI in 
mammals, there are currently no FDA-approved pharmacological therapies available that 
restore function after SCI in humans. This problem persists in part because the molecular 
pathways that promote robust and successful neural regeneration and functional recovery 
are not well understood (Niekerk, Tuszynski, Lu, & Dulin, 2016).  
Unlike mammals, many other vertebrates, including lampreys, fishes, amphibians, 
and reptiles, exhibit regeneration of the central nervous system (CNS; brain and spinal 
cord) and can spontaneously recover function after neural injury (Bloom, 2011; 
Rasmussen & Sagasti, 2016; Selzer, 2014; Tanaka & Ferretti, 2009). Mammalian species 
are capable of regeneration in the peripheral nervous system (PNS), (Michaelevski et al., 
2010; Omura et al., 2016), and spinal axons in the mammalian CNS can regenerate long 
distances in pro-regenerative environments like peripheral nerve bridges, or when treated 
with growth factors that enhance the growth of neurons (David & Aguayo, 1981; Kadoya 
et al., 2009 ; Kadoya et al., 2016; Lu et al., 2014; Tuszynski et al., 2014). Thus, nervous 
 2 
 
system regeneration is conserved across many vertebrate species. However, the 
conserved molecular cascades that support successful CNS regeneration remain unclear. 
 Next generation transcriptome sequencing and microarray analyses have greatly 
advanced our understanding of pro-regenerative mechanisms in both mammalian and 
non-mammalian models of nervous system injury. For example, one recent RNA-seq 
study compared the molecular profiles of cultured peripheral neurons versus central 
neurons, which have high and low regenerative potentials, respectively, and showed that 
peripheral neurons exhibited significantly greater baseline expression of genes predicted 
to support regeneration including growth factors, cytoskeleton, cell adhesion, and ion 
channels (Lerch et al., 2012). Similarly, a microarray study in zebrafish revealed gene 
expression changes within 15 days after SCI that are shared with other highly 
regenerative tissues, such as the mammalian PNS (Hui et al., 2014), including an 
upregulation of genes involved in axogenesis and axon regrowth (Chandran et al., 2016; 
Fagoe, Heest & Verhaagen, 2014, Michaelevski et al., 2010). SCI in frogs (Xenopus 
laevis) and salamanders (Ambystoma mexicanum) provokes rapid transcriptional 
responses that are predicted to support regeneration (Lee-Liu et al., 2014). Thus, unbiased 
gene expression studies are beginning to identify evolutionarily conserved molecular 
mechanisms that can promote neural regeneration across vertebrate lineages. 
Despite these advances, there are still several open questions regarding the 
mechanisms that support successful CNS regeneration after injury. First, what are the 
most conserved molecular mechanisms that support spinal cord regeneration and 
functional recovery; are there pre-regenerative molecules expressed at baseline before 
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injury, and after successful recovery of function? Here, this question has been asked 
using unbiased molecular profiling of CNS regeneration in a basal vertebrate that 
recovers after SCI, the lamprey. Because some of the cell bodies of spinal cord axons 
reside in the brain, here, we have characterized molecular responses before and after SCI 
both in the spinal cord (where the injury occurs) and in the brain. 
 RNA-seq was performed on brain and spinal cord tissue isolated from lampreys 
(Petromyzon marinus), before and then at 12 weeks after SCI. The lamprey is a basal 
vertebrate that diverged from a common ancestor of humans ~550 million years ago (J.J. 
Smith et al., 2013; Murakami & Watanabe, 2009; Shimfeld & Donoghue, 2012). Despite 
this evolutionary distance, recent sequencing of the lamprey genome revealed molecular 
pathways that are highly conserved with mammals, including genes related to axon 
guidance and regeneration, synaptic transmission, patterning and neurodegeneration (J.J. 
Smith et al., 2013). While smaller and simpler, the organization of the lamprey CNS is 
highly analogous to later vertebrates (Grillner & Robertson 2016; Robertson et al., 2014). 
The lamprey CNS contains many structures homologous to those in mammals, including 
a tripartite brain and a spinal cord consisting of white matter with ascending and 
descending axons, and gray matter consisting of motor and intraspinal neurons (Grillner, 
Robertson & Stephenson-Jones, 2013; Ocana et al., 2015; Sugahara et al., 2016). In 
lampreys, CNS regions that regulate important behaviors, such as locomotion and 
respiration, are conserved (Ocana et al., 2015; Robertson et al., 2014). There are 
approximately 1200 reticulospinal (RS) axons in the lamprey spinal cord, which originate 
from cell bodies in the midbrain and hindbrain comprising the major descending pathway 
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for initiating locomotion (i.e. swimming) (Dubuc et al., 2008). A complete spinal cord 
transection severs all descending axons, leading to paralysis below the lesion for 1-2 
weeks (Cohen, 1988; Cohen, Mackler & Selzer, 1985; McClellan, 1990; Oliphint et al., 
2010; Rovainen, 1976; Selzer, 1978). Over 10-12 weeks post SCI, lampreys 
spontaneously recover nearly normal swimming behaviors (Cohen, 1988; Davis, Troxel, 
Kohler, Grossmann & McClellan, 1993; Oliphint, 2010). This robust functional recovery 
is accompanied by repair of the lesion and regeneration of reticulospinal and other spinal 
axons, as well as by proliferation of neuronal and non-neuronal cells (Davis, 1993; 
Oliphint, 2010; Rovainen, 1976; Selzer, 1978; Wood & M. Cohen, 1979; Zhang, 2014). 
Previous studies have demonstrated that by 10-12 weeks post injury (WPI), about 50% of 
reticulospinal axons regenerate several millimeters beyond the lesion site and form 
synaptic connections with appropriate postsynaptic targets (Cohen, Mackler & Selzer, 
1986; Mackler & Selzer, 1985; Oliphint, 2010; Yin, Wellerstein & Selzer, 1981). The 
lamprey thus satisfies NIH criteria for full functional recovery after complete spinal 
transection, including robust functional recovery, axon regeneration, and formation of 
functional synaptic reconnections (J. Smith et al., 2011).  
Here, RNA-seq data was analyzed from uninjured lampreys, and again at 12WPI. 
First, an in-depth comparison of gene expression between brain and spinal cord in the 
uninjured state was examined. This analysis will help to answer the question of whether 
the baseline transcriptional landscape of the brain or spinal cord expresses genes known 
to be pro-regenerative in other species. To determine if the overall transcriptional status 
of CNS tissue returns to baseline following successful functional recovery, a differential 
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expression analysis was performed at 12WPI. Additionally, the expression of genes that 
have known roles in regeneration from CNS or PNS injury in mammalian species was 
evaluated in the current data, to identify any genetic targets potentially relevant to other 
species that do not have the ability to regenerate spontaneously. The goal is to identify 
molecular pathways that lead to successful regeneration, so that strategies to promote 
regeneration and recovery of function can be tested in species that cannot spontaneously 
recover from CNS injury. 
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METHODS 
 
Experiments were performed on late larval sea lampreys (Petromyzon marinus, 
~5-7 years old), in accordance with location institutional IACUC regulations.  
 
RNA-seq Library Preparation and Sequencing 
Brains (whole brains without the olfactory lobes) and spinal cords (1cm 
surrounding the lesion site), were harvested from uninjured lampreys (n=6) and lampreys 
at 12WPI (n=6). Tissue was stored in RNALater and then homogenized, pooled by time 
point (n=6 animals per time point), and total RNA was extracted using Trizol. RNA-seq 
libraries were created using TruSeq RNA Sample Prep Kit v2 (Illumina Inc.; San Diego, 
CA), + Ribo-Zero Gold (Epicentre). RNA-seq libraries (~250bp) were sequenced using 
100bp paired end reads on the Illumina HiSeq Platform at the Genomics Core, Mount 
Sinai School of Medicine (New York, NY). RNA Integrity numbers for all samples were 
≥8.4 using the Agilent Bioanalyzer.  
 
Statistical Analysis of RNA-seq Data  
RNA-seq reads were mapped against gene models from the publicly available 
lamprey genome (Ensembl; Pmarinus_7.0) (J. J. Smith et al., 2013). Petromyzon marinus 
identification numbers (PMZIDs) are unique transcript identifiers obtained from the 
lamprey genome (J. J. Smith et al., 2013). Throughout the text, PMZIDs are referred to 
simply as “genes.” Within the lamprey genome, many genes share an official gene 
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symbol and may represent split gene models, isoforms, or closely related gene products 
in the same or multiple species. For the purposes of presentation in figures, when 
multiple PMZIDs shared an official gene symbol, manual curation was performed to 
choose a single PMZID, as determined by maximal transcript length, most robust 
expression value by transcripts per million reads (TPM), and homology to mammalian 
species. Gene expression levels were estimated for all lamprey gene models separately 
for the uninjured and 12WPI, and were quantified using RNA-seq by Expectation-
Maximization (RSEM) (Li & Dewey, 2011). In all analyses, TPM was used as the 
quantitative measure of gene expression. EBSeq, an R package, was used to detect 
differentially expressed (DE) genes with a false discovery rate (FDR) equal to 0.05 at 
12WPI (Leng et al., 2013; Li, Ruotti, Stewart, Thompson & Dewey, 2009). To illustrate 
relative changes in transcript expression, fold change relative to uninjured values shown 
is the log2(POSTFC) transformation of values generated by EBSeq for the 12WPI time 
point. JMP Statistical software (SAS) was used to create heat map figures displaying 
TPM and log2(POSTFC) data. Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/) was 
used to perform venn diagram analyses. 
 
Enrichment Analysis of Highly Expressed and Differentially Expressed Genes 
Genes were considered of interest for further enrichment analysis if they were 
determined to be highly expressed (ranked in the top 100, 500 or 1000 by TPM) or DE by 
EBSeq at 12WPI (PPDE0.95, FDR=0.05). Enrichment analysis was performed using 
Enrichr, a program that contains reference data only from mammalian species (Chen et 
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al., 2013). Enrichr uses the official gene symbol for its input data, and therefore the gene 
symbol used in all analyses is the official gene symbol assigned to a transcript according 
to the lamprey genome annotation. The Fisher’s exact test (p-values) were used to 
determine enrichment significance. A cutoff of p0.01 was used for the 
TRANSFAC/JASPAR database, and a cutoff of p0.05 was used for the Gene Ontology 
(GO) Biological Process and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
databases. 
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RESULTS 
 
Enrichment Analysis of Highly Expressed Genes in the Spinal Cord 
In order to analyze the transcriptional landscape of the uninjured spinal cord, the 
most highly expressed genes were ranked by transcripts per million (TPM) value, a 
measure of the relative abundance of expression. Enrichment analysis was performed 
separately for the top 100, 500, and 1,000 genes, using Enrichr (Chen et al., 2013). More 
specifically, Enrichr was used to access the Gene Ontology (GO) Consortium database, 
KEGG pathway database and the TRANSFAC/JASPAR transcription factor (TF) 
databases. 
First, GO enrichment analysis was performed to evaluate biological processes 
involving the most abundant genes in the lamprey spinal cord in the uninjured state. All 
GO categories presented in tables are highly enriched, with p0.05 (Fisher’s Exact Test). 
For each expression cut off (the top 100, 500 or 1000 by TPM rank) the top 15 
categories, listed in order of significance appear in Table 1. Many of the most highly 
enriched categories for all three expression cutoffs in the uninjured state are related to 
cellular maintenance processes including transcription and translation, and protein 
targeting to various intracellular locations (Table 1). Categories include translational 
elongation, translational termination, and protein localization to endoplasmic reticulum 
(Table 1). Many of the highly expressed genes in the spinal cord are ribosomal proteins 
and genes for translational elongation factors, which is consistent with results obtained 
from the GO database.  
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Table 1. GO Biological Process Enrichment Analysis Results for the Uninjured 
Spinal Cord. Overlap: The numerator indicates the number of genes in the input list that 
are highly expressed and a member of the GO term. The denominator indicates total 
number of genes that belong to the GO term. GO ID numbers are listed in parenthesis 
after GO term. 
SPINAL CORD, UNINJURED 
Top 100, GO Biological Process Enrichment  
Term Overlap 
cellular protein complex disassembly (GO:0043624) 47/113 
viral transcription (GO:0019083) 44/84 
translational termination (GO:0006415) 44/89 
translational elongation (GO:0006414) 46/114 
protein complex disassembly (GO:0043241) 47/132 
cotranslational protein targeting to membrane (GO:0006613) 45/110 
macromolecular complex disassembly (GO:0032984) 47/142 
SRP-dependent cotranslational protein targeting to membrane (GO:0006614) 44/108 
protein targeting to ER (GO:0045047) 44/111 
establishment of protein localization to endoplasmic reticulum (GO:0072599) 44/115 
nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 
(GO:0000184) 
44/117 
viral life cycle (GO:0019058) 44/118 
protein localization to endoplasmic reticulum (GO:0070972) 44/118 
translational initiation (GO:0006413) 44/139 
protein targeting to membrane (GO:0006612) 45/156 
    
Top 500, GO Biological Process Enrichment  
Term Overlap 
viral transcription (GO:0019083) 55/84 
cellular protein complex disassembly (GO:0043624) 60/113 
translational elongation (GO:0006414) 60/114 
translational termination (GO:0006415) 55/89 
cotranslational protein targeting to membrane (GO:0006613) 59/110 
SRP-dependent cotranslational protein targeting to membrane (GO:0006614) 58/108 
protein targeting to ER (GO:0045047) 58/111 
protein localization to endoplasmic reticulum (GO:0070972) 59/118 
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translational initiation (GO:0006413) 62/139 
establishment of protein localization to endoplasmic reticulum (GO:0072599) 58/115 
protein complex disassembly (GO:0043241) 60/132 
protein targeting to membrane (GO:0006612) 63/156 
nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 
(GO:0000184) 
57/117 
macromolecular complex disassembly (GO:0032984) 60/142 
viral life cycle (GO:0019058) 56/118 
  
Top 1000, GO Biological Process Enrichment  
Term Overlap 
translational initiation (GO:0006413) 70/139 
cotranslational protein targeting to membrane (GO:0006613) 63/110 
viral transcription (GO:0019083) 56/84 
SRP-dependent cotranslational protein targeting to membrane (GO:0006614) 62/108 
protein localization to endoplasmic reticulum (GO:0070972) 64/118 
protein targeting to ER (GO:0045047) 62/111 
translational elongation (GO:0006414) 62/114 
translational termination (GO:0006415) 56/89 
establishment of protein localization to endoplasmic reticulum (GO:0072599) 62/115 
cellular protein complex disassembly (GO:0043624) 61/113 
protein targeting to membrane (GO:0006612) 69/156 
nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 
(GO:0000184) 
60/117 
protein complex disassembly (GO:0043241) 63/132 
viral life cycle (GO:0019058) 60/118 
translation (GO:0006412) 84/264 
 
 Next, another bioinformatics tool that analyzes genes according to biological 
pathways, KEGG, was used to evaluate enriched cellular pathways among the most 
highly expressed genes in the uninjured lamprey spinal cord. All pathways presented in 
tables are highly enriched, with significant with p0.05 (Fishers Exact Test). Consistent 
with the GO analysis, enriched pathways included ribosome and protein processing in 
endoplasmic reticulum (Table 2). Additionally, several metabolic pathways were 
enriched, including carbon metabolism and glycolysis/gluconeogenesis, consistent with 
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normal cellular maintenance of energy requirements. Interestingly, several pathways 
related to neurodegenerative diseases including Parkinson’s disease, Alzheimer’s disease, 
and Huntington’s disease were enriched among the top 500 and 1000 genes expressed in 
the spinal cord. This does not mean that the animals have these diseases; it rather reflects 
that the genes involved in these pathways have biological roles (known or unknown) in 
the normal cell (J. J. Smith et al., 2013). The HIF-1 signaling pathway, which plays a 
neuroprotective role after CNS injury in mammals (Ratan et al., 2008; Satriotomo et al., 
2016), was present among the top 100, 500 and 1000 analyses. See Table 2 for a 
complete list of the most highly enriched KEGG pathways for this analysis. 
 
Table 2. KEGG Pathway Enrichment Analysis Results for the Uninjured Spinal 
Cord. Overlap: The numerator indicates the number of genes in the input list that 
are highly expressed and a member of a given KEGG pathway. The denominator 
indicates total number of genes that belong to the pathway.  
SPINAL CORD, UNINJURED 
Top 100, KEGG Enrichment 
  Pathway KEGG ID Overlap 
Ribosome hsa03010 44/137 
Glycolysis / Gluconeogenesis hsa00010 4/67 
HIF-1 signaling pathway hsa04066 4/103 
Biosynthesis of amino acids hsa01230 3/74 
Carbon metabolism hsa01200 3/113 
Oxytocin signaling pathway hsa04921 3/158 
Alcoholism hsa05034 3/179 
Antigen processing and presentation hsa04612 28/157 
      
Top 500, KEGG Enrichment 
  Pathway KEGG ID Overlap 
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Ribosome hsa03010 57/137 
Huntington's disease hsa05016 34/193 
Oxidative phosphorylation hsa00190 28/133 
Parkinson's disease hsa05012 28/142 
Alzheimer's disease hsa05010 29/168 
Proteasome hsa03050 14/44 
Non-alcoholic fatty liver disease (NAFLD) hsa04932 19/151 
Metabolic pathways hsa01100 59/1239 
Biosynthesis of amino acids hsa01230 11/74 
Cardiac muscle contraction hsa04260 11/78 
      
Top 1000, KEGG Enrichment 
  Pathway KEGG ID Overlap 
Ribosome hsa03010 61/137 
Oxidative phosphorylation hsa00190 39/133 
Huntington's disease hsa05016 45/193 
Alzheimer's disease hsa05010 41/168 
Parkinson's disease hsa05012 36/142 
Proteasome hsa03050 20/44 
Non-alcoholic fatty liver disease (NAFLD) hsa04932 31/151 
Metabolic pathways hsa01100 101/1239 
Carbon metabolism hsa01200 22/113 
Protein processing in endoplasmic reticulum hsa04141 24/169 
 
 Transcription factors bind to DNA and regulate the expression of other genes. To 
identify transcription factor (TF) networks that may coordinate molecular programs 
involving highly expressed genes in the uninjured state, the TRANSFAC/JASPAR 
database was utilized. This database assigns individual genes to mammalian TFs known 
to regulate their expression. All TFs present in network diagrams are highly enriched, 
with p0.01 (Fishers Exact Test). NRF1 and RARA are enriched in all three top 
expression level cutoffs in the spinal cord (Figure 1), but with different network 
connections in each analysis. HIF1A is enriched only among the top 100 and 500 most 
highly expressed genes, along with FOXF2 (Figure 1A-B). IZF1, PITX1, PITX2, TP53 
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and YY1 are uniquely enriched in the top 100 group (Figure 1A). APEX1, E2F1, and 
FOX03A are unique to the top 500 group (Figure 1B). Lastly, CEBPD, NFYB, SPI1 and 
ZFHX3, are unique to the top 1000 group (Figure 1C).  
 
 
Figure 1: Enriched Transcription Factor Networks Among Highly Expressed Genes 
in the Uninjured Spinal Cord. Networks are shown for the top 100 (A), 500 (B), and 
1000 (C) most highly expressed genes. Connections in network diagrams indicate 
significant overlap among TF targets. All TFs in networks are enriched with p0.01. 
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Enrichment Analysis of Highly Expressed Genes in the Brain 
In order to analyze baseline transcriptional landscape of the brain, the same 
bioinformatics analysis pipeline that was used for the spinal cord data was used for the 
brain data. Again, enrichment analysis was performed separately for the top 100, 500, 
and 1,000 genes ranked by TPM value.  
First, GO enrichment analysis was performed to evaluate biological processes 
involving the most abundant genes in the lamprey brain in the uninjured state. All GO 
categories discussed and presented in tables are highly enriched, all with p0.05 (Fishers 
Exact Test). For each expression cut off (the top 100, 500 or 1000), the top 15 categories 
listed in order of significance appear in Table 3. Consistent with the results from the 
spinal cord, the most highly enriched categories for all three expression cutoffs in the 
uninjured state are related to cellular maintenance processes including transcription and 
translation, and protein targeting to various cellular locations. Although the most highly 
enriched categories are largely overlapping for spinal cord and brain, the order of 
significance (p-value) varies, as well as the number of genes that overlap with the 
pathway. For example, in the top 100 analysis, translational elongation is the fourth most 
enriched category, with an overlap of 46/114 in the spinal cord (Table 1), and the third 
most enriched in the brain with an overlap of 49/114 (Table 3). This indicates that an 
additional three genes in the brain are present in the top 100 group that are not expressed 
as highly in the spinal cord. See Table 3 for the complete list of enriched categories in the 
brain, including identification numbers. 
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Table 3. GO Biological Process Enrichment Analysis Results for the Uninjured 
Spinal Cord. Overlap: The numerator indicates the number of genes in the input list 
that are highly expressed and a member of a given GO term. The denominator 
indicates total number of genes that belong to the GO term. GO ID numbers are 
listed in parenthesis after GO term.  
BRAIN, UNINJURED 
Top 100, GO Biological Process Enrichment   
Term Overlap 
viral transcription (GO:0019083) 46/84 
cellular protein complex disassembly (GO:0043624) 49/113 
translational elongation (GO:0006414) 49/114 
translational termination (GO:0006415) 46/89 
protein complex disassembly (GO:0043241) 49/132 
nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 
(GO:0000184) 47/117 
macromolecular complex disassembly (GO:0032984) 49/142 
SRP-dependent cotranslational protein targeting to membrane (GO:0006614) 46/108 
cotranslational protein targeting to membrane (GO:0006613) 46/110 
protein targeting to ER (GO:0045047) 46/111 
establishment of protein localization to endoplasmic reticulum (GO:0072599) 46/115 
viral life cycle (GO:0019058) 46/118 
protein localization to endoplasmic reticulum (GO:0070972) 46/118 
translational initiation (GO:0006413) 47/139 
protein targeting to membrane (GO:0006612) 46/156 
    
Top 500, GO Biological Process Enrichment   
Term Overlap 
viral transcription (GO:0019083) 56/84 
translational elongation (GO:0006414) 61/114 
translational termination (GO:0006415) 56/89 
cotranslational protein targeting to membrane (GO:0006613) 60/110 
cellular protein complex disassembly (GO:0043624) 60/113 
SRP-dependent cotranslational protein targeting to membrane (GO:0006614) 59/108 
translational initiation (GO:0006413) 64/139 
protein targeting to ER (GO:0045047) 59/111 
protein localization to endoplasmic reticulum (GO:0070972) 60/118 
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establishment of protein localization to endoplasmic reticulum (GO:0072599) 59/115 
nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 
(GO:0000184) 59/117 
protein targeting to membrane (GO:0006612) 64/156 
protein complex disassembly (GO:0043241) 60/132 
viral life cycle (GO:0019058) 57/118 
macromolecular complex disassembly (GO:0032984) 60/142 
    
Top 1000, GO Biological Process Enrichment   
Term Overlap 
translational initiation (GO:0006413) 70/139 
cotranslational protein targeting to membrane (GO:0006613) 63/110 
viral transcription (GO:0019083) 56/84 
SRP-dependent cotranslational protein targeting to membrane (GO:0006614) 62/108 
protein targeting to ER (GO:0045047) 62/111 
protein localization to endoplasmic reticulum (GO:0070972) 63/118 
translational elongation (GO:0006414) 62/114 
translational termination (GO:0006415) 56/89 
establishment of protein localization to endoplasmic reticulum (GO:0072599) 62/115 
cellular protein complex disassembly (GO:0043624) 61/113 
translation (GO:0006412) 85/264 
protein complex disassembly (GO:0043241) 63/132 
protein targeting to membrane (GO:0006612) 67/156 
macromolecular complex disassembly (GO:0032984) 64/142 
nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 
(GO:0000184) 59/117 
 
  
Next, the KEGG database was used to evaluate which cellular pathways are 
enriched among the most highly expressed genes in the uninjured lamprey brain. All 
pathways discussed and presented in tables are highly enriched with p0.05 (Fisher’s 
Exact Test). Consistent with the GO enrichment results obtained for brain and spinal 
cord, enriched pathways in the brain included ribosome (Table 4). Additionally, several 
of the same metabolic pathways were enriched in the brain, like Carbon Metabolism and 
Glycolysis/Gluconeogenesis. As in the spinal cord, several pathways related to 
 18 
 
neurodegenerative diseases including Parkinson’s disease, Alzheimer’s disease, and 
Huntington’s disease were enriched among the top 500 and 1000 genes expressed in the 
spinal cord, but not present in the results for the top 100 expressed genes and the HIF-1 
signaling pathway was present in all three analyses (Table 4). Again, we do not think this 
represents a disease state, but rather the evolutionary conservation of factors that have 
biological roles in the CNS (Smith JJ et al 2013). See Table 4 for a complete list of the 
most highly enriched KEGG pathways for this analysis. 
 
Table 4. KEGG Pathway Enrichment Analysis Results for the Uninjured Brain. 
Overlap: numerator indicates the number of genes in the input list that are highly 
expressed and a member of a given KEGG pathway, denominator indicates total 
number of genes that belong to the pathway.  
BRAIN, UNINJURED 
Top 100, KEGG Enrichment 
Term KEGG ID Overlap 
Ribosome hsa03010 46/137 
Glycolysis / Gluconeogenesis hsa00010 5/67 
Biosynthesis of amino acids hsa01230 4/74 
HIF-1 signaling pathway hsa04066 4/103 
Carbon metabolism hsa01200 4/113 
Fructose and mannose metabolism hsa00051 2/32 
Legionellosis hsa05134 2/55 
Alcoholism hsa05034 3/179 
RNA degradation hsa03018 28157 
Antigen processing and presentation hsa04612 28157 
      
Top 500, KEGG Enrichment 
Term KEGG ID Overlap 
Ribosome hsa03010 57/137 
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Oxidative phosphorylation hsa00190 31/133 
Huntington's disease hsa05016 33/193 
Parkinson's disease hsa05012 29/142 
Alzheimer's disease hsa05010 30/168 
Proteasome hsa03050 14/44 
Non-alcoholic fatty liver disease (NAFLD) hsa04932 19/151 
Metabolic pathways hsa01100 57/1239 
Biosynthesis of amino acids hsa01230 11/74 
Cardiac muscle contraction hsa04260 11/78 
      
Top 1000, KEGG Enrichment 
Term KEGG ID Overlap 
Ribosome hsa03010 61/137 
Oxidative phosphorylation hsa00190 40/133 
Huntington's disease hsa05016 47/193 
Proteasome hsa03050 23/44 
Alzheimer's disease hsa05010 41/168 
Parkinson's disease hsa05012 37/142 
Carbon metabolism hsa01200 26/113 
Non-alcoholic fatty liver disease (NAFLD) hsa04932 30/151 
Metabolic pathways hsa01100 105/1239 
Biosynthesis of amino acids hsa01230 16/74 
 
Lastly, the TRANSFAC database was used to evaluate the TF networks regulating 
the most highly expressed genes in the uninjured brain (Figure 2). All TFs present in 
network diagrams are highly enriched, with p0.01 (Fishers Exact Test). In the brain, the 
TFs NRF1 and RARA are enriched in all three top expression level cutoffs, but have 
different network connections (Figure 2). In the brain, HIF1A is enriched only among the 
top 100 and 1000 most highly expressed genes, along with PITX2 (Figure 2A,C). IZF1, 
THRB, NR1H2, and TP53 are uniquely enriched in the top 100 group (Figure 2A). 
CEBPE, NR1I2, and FOX03A are unique to the top 500 group (Figure 2B). Lastly, GFI1, 
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NR1H3, PITX1 and FOXA1, are unique to the top 1000 group (Figure 2C). Complete 
network diagrams are available in Figure 2. 
 
 
Figure 2: Enriched Transcription Factor Networks Among Highly Expressed Genes 
in the Brain. Networks are shown for the top 100 (A), 500 (B), and 1000 (C) most 
highly expressed genes. Connections in network diagrams indicate significant 
overlap among TF targets. All TFs in networks are enriched with p0.01. 
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Comparison of Highly Expressed Genes in the Uninjured Spinal Cord and Brain 
Since it is clear that there is considerable overlap among the function of highly 
expressed genes in the spinal cord and brain, this section will focus on the differences 
between the highly expressed genes and the differences in enrichment analysis results 
between spinal cord and brain tissues. 
The top 100, 500 and 1000 gene lists by expression from brain and spinal cord 
were compared. Venn diagrams containing results from this analysis are present in Figure 
3. Of the top 100 genes in the brain and spinal cord, 76.35% are shared, 11.4% are unique 
to the spinal cord, and 12.3% are unique to the brain (Figure 3A). When the top 500 
genes are considered, a similar ratio is maintained between the tissues, with slightly less 
genes shared between brain and spinal cord, with a reduction to 72.4% (Figure 3B). The 
number of shared genes is slightly lower for the top 1000 genes expressed, with 71.8% of 
genes shared between the two tissues at this cutoff (Figure 3C). 
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Figure 3: Comparison of Highly Expressed Genes in the Uninjured Lamprey Spinal 
Cord and Brain. Venn diagrams indicate the number of genes that shared or 
distinct to spinal cord or brain. This information is shown for the top 100 expressed 
genes in each tissue (A), the top 500 (B) and the top 1000 (C). n=number of genes, 
and percentages for each tissue, and for the shared component are displayed below 
the n values. 
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Next, GO Biological process enrichment analysis results were compared between 
spinal cord and brain, for the top 100, top 500, and top 1000 gene groups. In Table 5, The 
total number of GO Biological Process categories meeting the significance cutoff of 
p0.05 are listed. The total number of enriched categories for the top 500 and top 1000 
groups are similar between brain and spinal cord, however, the top 100 gene list for the 
spinal cord yielded 50 more enriched categories than the brain (Table 5).  
Table 5. Total Number of Enriched GO BP Categories in Each Analysis. 
Uninjured Top 100 Top 500 Top 1000 
Spinal Cord 153 462 521 
Brain 103 455 500 
 
In Table 6, the number of enriched categories that are shared or unique to spinal 
cord or brain tissues are shown. For the top 100, a majority of categories are shared, 
however, a larger number of categories were unique to the spinal cord, most likely due to 
the smaller number of total enriched categories in the brain in this analysis (Table 5). For 
the top 100 gene group a larger number of categories were unique to spinal cord than 
brain, and the number of distinct categories was comparable between brain and spinal 
cord for the top 500 group (Table 6). 
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Table 6. Comparison of Enriched GO BP Categories Between Brain and Spinal 
Cord. 
Uninjured 
# Categories 
Shared 
# Categories 
Distinct SC 
# Categories 
Distinct BR 
Top 100 95 58 2 
Top 500 385 77 70 
Top 1000 413 87 108 
 
For the top 100 GO analysis, categories unique to the spinal cord included 
apoptotic mitochondrial changes (GO:0008637), glial cell proliferation (GO:0014009), 
and neurofilament cytoskeleton organization (GO:0060052). In the brain, unique 
categories included regulation of dendrite morphogenesis (GO:0048814), regulation of 
nuclear-transcribed mRNA poly(A) tail shortening (GO:0060211). For the top 500 group, 
unique enriched categories in the spinal cord included regulation of actin polymerization 
or depolymerization (GO:0008064), cell projection morphogenesis (GO:0048858), 
axonogenesis (GO:0007409). Categories unique to the top 500 analysis in the brain 
included brain development (GO:0007420), and neurotransmitter transport 
(GO:0006836). For the top 1000 analysis, categories unique to the spinal cord included 
nervous system development (GO:0007399), neuroblast proliferation (GO:0007405), 
Wnt signaling pathway, planar cell polarity pathway (GO:0060071), non-canonical Wnt 
signaling pathway (GO:0035567). Categories unique to brain for the top 1000 analysis 
include negative regulation of NF-kappaB import into nucleus (GO:0042347), regulation 
of short-term and long-term neuronal synaptic plasticity (GO:0048172, GO:0048169), 
regulation of neuronal synaptic plasticity (GO:0048168). 
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Next, the KEGG pathway enrichment analysis results were compared between 
spinal cord and brain, for the top 100, top 500, and top 1000 gene groups. In Table 7, The 
total number of KEGG pathways that meet the significance cutoff of p0.05 are listed. In 
Table 8, the number of significantly enriched categories that are shared or unique to 
spinal cord or brain are displayed. Note that there are fewer total enriched KEGG 
pathways than there are GO BP categories (Table 5) at the same level of significance. 
Although fewer in number, the KEGG results follow the same trend as the GO BP 
results. The majority of the enriched pathways are shared between the two tissues, and a 
fewer number of unique categories are present in the spinal cord and brain. In the top 100 
analysis, oxytocin signaling pathway was unique to the spinal cord, and fructose/mannose 
metabolism and RNA degradation were unique to the brain. In the top 500 analysis, 
pathways including RNA polymerase and citrate cycle were unique to the spinal cord, 
and pathways including splicosome and phagosome were unique to the brain. For the top 
1000 analysis, ribosome biogenesis in eukaryotes and adherens junction were among the 
enriched pathways in the brain, and categories unique to the spinal cord included focal 
adhesion and cysteine and methionine metabolism. 
 
Table 7. Total Number of Enriched KEGG Pathways in Each Analysis. 
Uninjured Top 100 Top 500 Top 1000 
Spinal Cord 8 47 68 
Brain 10 50 64 
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Table 8. Comparison of Enriched KEGG Pathways Between Brain and Spinal Cord. 
 
 
 
 
To compare the top TF networks between spinal cord and brain, the TFs in the 
three networks for each tissue were analyzed (Figures 1-2). There were 19 and 18 unique 
TFs among the three network diagrams for the spinal cord and brain respectively. This 
reduction is as result of TFs appearing in multiple network diagrams. When the non-
redundant TF lists are compared, 14 TFs are common to the spinal cord and brain 
networks, with 5 unique TFs in the spinal cord, and 4 unique TFs in the brain. 
 
Enrichment Analysis of Genes That Are Differentially Expressed After Functional 
Recovery Is Achieved 
Next, genes that are DE after SCI at 12WPI relative to the uninjured state were 
identified using EBSeq (Leng et al., 2013; Li, Ruotti, Stewart, Thompson & Dewey, 
2009). Here, genes were considered DE if values of PPDE0.95 were determined by 
EBSeq (FDR=0.05). Many DE genes were identified in both tissues at 12WPI, with a 
total of 1468 DE genes in the spinal cord and 1033 DE genes in the brain (Figure 4A). In 
both tissues, a large majority of DE genes are downregulated as opposed to upregulated. 
When the DE gene lists for the spinal cord and brain are compared at 12WPI, 717 genes 
Uninjured 
# Categories 
Shared 
# Categories 
Distinct SC 
# Categories 
Distinct BR 
Top 100 7 1 3 
Top 500 42 5 8 
Top 1000 59 9 5 
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are DE in both tissues, while 751 DE genes are unique to the spinal cord, and 316 are 
unique to the brain (Figure 4B). These data indicate that there is a large overlap in DE 
genes in the spinal cord and brain, but the spinal cord appears to have a more unique gene 
expression profile once functional recovery has been achieved. This large number of DE 
genes at 12WPI supports the idea that substantial changes in gene expression exist even 
after recovery from SCI has occurred in the lamprey. 
 
 
Figure 4: Quantification and Comparison of DE Transcripts in Spinal Cord and 
Brain at 12 Weeks Post Injury. (A) The total number of DE transcripts in spinal 
cord and brain is indicated by bar height. Upregulated genes are represented in red 
with the number listed at the top of each bar. Downregulated genes are represented 
in blue with the number listed in white at the bottom of each bar. (B) Venn diagram 
indicates the distribution of DE transcripts between spinal cord (orange) and brain 
(purple). 
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 These DE genes were then analyzed with the same bioinformatics pipeline that 
was used previously for the groups of highly expressed genes. First, the GO database was 
searched. A list of the top 30 most significantly enriched categories in the spinal cord at 
12WPI (p0.05) can be found in Table 9. In the spinal cord, several enriched categories 
were related to ECM production and maintenance, like collagen metabolic process 
(GO:0032963) and ECM organization (GO:0030198) (Table 9). Additional enriched 
categories included axon guidance (GO:0007411), neuron projection guidance 
(GO:0097485) and positive regulation of NF-kappaB import into nucleus (GO:0042346) 
(Table 9). In the brain, several of the top 30 most highly enriched categories were related 
to tissue morphogenesis, development and differentiation, including regulation of 
epithelial cell differentiation (GO:0030856), left/right axis specification (GO:0070986), 
morphogenesis of an epithelial sheet (GO:0002011) (Table 10). These categories are 
interesting because they reflect many of the events known to occur in mammals after 
tissue regeneration or during development.  
 
Table 9. Top 30 enriched GO biological process terms among DE genes in the spinal 
cord at 12 Weeks Post Injury. Overlap: numerator indicates the number of genes in 
the input list that are highly expressed and a member of a given GO term, 
denominator indicates total number of genes that belong to the GO term. GO ID 
numbers are listed in parenthesis after GO term. 
Terms Overlap 
extracellular matrix organization (GO:0030198) 49/359 
extracellular structure organization (GO:0043062) 49/360 
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extracellular matrix disassembly (GO:0022617) 23/116 
collagen catabolic process (GO:0030574) 17/74 
multicellular organismal catabolic process (GO:0044243) 17/80 
collagen metabolic process (GO:0032963) 17/83 
multicellular organismal metabolic process (GO:0044236) 18/94 
multicellular organismal macromolecule metabolic process (GO:0044259) 17/89 
positive regulation of cell migration (GO:0030335) 32/280 
positive regulation of cell motility (GO:2000147) 32/287 
actin filament-based movement (GO:0030048) 13/61 
positive regulation of cellular component movement (GO:0051272) 32/296 
O-glycan processing (GO:0016266) 10/56 
positive regulation of locomotion (GO:0040017) 32/304 
axon guidance (GO:0007411) 35/367 
neuron projection guidance (GO:0097485) 35/367 
actin-myosin filament sliding (GO:0033275) 9/38 
muscle filament sliding (GO:0030049) 9/38 
actomyosin structure organization (GO:0031032) 10/57 
positive regulation of NF-kappaB import into nucleus (GO:0042346) 7/23 
positive regulation of lipid metabolic process (GO:0045834) 15/103 
actin filament-based process (GO:0030029) 29/303 
sarcomere organization (GO:0045214) 7/27 
angiogenesis (GO:0001525) 24/236 
positive regulation of transcription factor import into nucleus (GO:0042993) 10/36 
actin-mediated cell contraction (GO:0070252) 9/46 
cellular component disassembly (GO:0022411) 31/350 
regulation of cell adhesion (GO:0030155) 30/336 
regulation of vascular endothelial growth factor signaling pathway (GO:1900746) 4/8 
glomerular visceral epithelial cell development (GO:0072015) 4/8 
 
Table 10. Top 30 enriched GO biological process terms among DE genes in the 
brain at 12 Weeks Post Injury. Overlap: numerator indicates the number of genes 
in the input list that are DE and part of a given GO term, denominator indicates 
total number of genes that belong to the GO term. GO ID numbers are listed in 
parenthesis after GO term. 
Terms Overlap 
O-glycan processing (GO:0016266) 10/56 
positive regulation of Rho protein signal transduction (GO:0035025) 4/11 
protein O-linked glycosylation (GO:0006493) 10/83 
macromolecule glycosylation (GO:0043413) 18/264 
protein glycosylation (GO:0006486) 18/264 
morphogenesis of an epithelial sheet (GO:0002011) 4/18 
positive regulation of epithelial cell differentiation (GO:0030858) 7/52 
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retina layer formation (GO:0010842) 4/19 
positive regulation of Ras protein signal transduction (GO:0046579) 5/30 
glycosylation (GO:0070085) 18/273 
regulation of epithelial cell differentiation (GO:0030856) 10/109 
regulation of endothelial cell chemotaxis (GO:2001026) 3/9 
regulation of cellular response to vascular endothelial growth factor stimulus 
(GO:1902547) 3/9 
regulation of vascular endothelial growth factor signaling pathway (GO:1900746) 3/8 
negative regulation of reproductive process (GO:2000242) 5/34 
G-protein coupled purinergic nucleotide receptor signaling pathway (GO:0035589) 3/11 
collecting duct development (GO:0072044) 3/11 
skin development (GO:0043588) 5/35 
positive regulation of small GTPase mediated signal transduction (GO:0051057) 5/35 
cellular response to cholesterol (GO:0071397) 3/13 
positive regulation of humoral immune response (GO:0002922) 3/13 
regulation of acrosome reaction (GO:0060046) 3/12 
detection of mechanical stimulus (GO:0050982) 5/39 
maintenance of gastrointestinal epithelium (GO:0030277) 3/13 
regulation of peptidase activity (GO:0052547) 20/372 
regulation of nephron tubule epithelial cell differentiation (GO:0072182) 3/14 
left/right axis specification (GO:0070986) 3/14 
negative regulation of peptidase activity (GO:0010466) 14/230 
cellular response to sterol (GO:0036315) 3/16 
extracellular matrix organization (GO:0030198) 19/359 
 
Next, DE genes at 12WPI were analyzed using KEGG. Consistent with results 
obtained from the GO analysis, enriched pathways in the spinal cord were related to the 
ECM including Focal adhesion, ECM receptor interaction, adherens junction and tight 
junction signaling pathways. Enriched pathways were also related to immune function, 
including B cell receptor, leukocyte transendothelial migration, NF-kappa B signaling, 
and complement and coagulation cascades. A list of the top 30 most significantly 
enriched pathways in the spinal cord at 12WPI (p0.05) can be found in Table 11. Fewer 
enriched categories were significant in the brain at 12WPI, notably though, dorso-ventral 
axis formation was significantly enriched, consistent with the observation that several 
developmentally related GO categories were enriched at 12WPI in the brain (Table 11). 
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Table 11. Top 30 enriched KEGG Pathways Among DE Genes in the Spinal Cord 
and Brain at 12 Weeks Post Injury. Overlap: The numerator indicates the number 
of genes in the input list that are DE and included in a given KEGG pathway. The 
denominator indicates total number of genes that belong to the pathway. 
Spinal Cord, 12WPI, Enriched KEGG pathways 
KEGG Pathway KEGG ID Overlap 
Protein digestion and absorption hsa04974 18/90 
Focal adhesion hsa04510 23/202 
Pathogenic Escherichia coli infection hsa05130 10/55 
ECM-receptor interaction hsa04512 12/82 
Adherens junction hsa04520 11/74 
Neuroactive ligand-receptor interaction hsa04080 25/277 
Platelet activation hsa04611 13/122 
cAMP signaling pathway hsa04024 18/199 
Cell adhesion molecules (CAMs) hsa04514 14/142 
Cocaine addiction hsa05030 7/49 
Ovarian steroidogenesis hsa04913 7/50 
Fc gamma R-mediated phagocytosis hsa04666 34243 
Phospholipase D signaling pathway hsa04072 13/144 
Rap1 signaling pathway hsa04015 17/211 
B cell receptor signaling pathway hsa04662 8/73 
Drug metabolism - other enzymes hsa00983 6/46 
Leukocyte transendothelial migration hsa04670 11/118 
PI3K-Akt signaling pathway hsa04151 24/341 
Proteoglycans in cancer hsa05205 16/203 
Tight junction hsa04530 12/139 
NF-kappa B signaling pathway hsa04064 9/93 
Complement and coagulation cascades hsa04610 8/79 
Pancreatic secretion hsa04972 9/96 
Glycosphingolipid biosynthesis - ganglio series hsa00604 3/15 
Regulation of actin cytoskeleton hsa04810 16/214 
Fc epsilon RI signaling pathway hsa04664 7/68 
Epithelial cell signaling in Helicobacter pylori infection hsa05120 7/68 
Salmonella infection hsa05132 8/86 
Regulation of lipolysis in adipocytes hsa04923 6/56 
Mucin type O-Glycan biosynthesis hsa00512 4/31 
Pertussis hsa05133 7/75 
    
Brain, 12WPI, Enriched KEGG pathways 
KEGG Pathway KEGG ID Overlap 
Protein digestion and absorption hsa04974 8/90 
Steroid hormone biosynthesis hsa00140 5/58 
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Phototransduction hsa04744 3/27 
Dorso-ventral axis formation hsa04320 3/27 
Drug metabolism - other enzymes hsa00983 4/46 
 
Lastly, TRANSFAC was used to identify TFs that regulate DE genes at 12WPI. 
JUND, along with FOXC1, and CEBPB are among the TFs whose targets were enriched 
in both spinal cord and brain (Figure 5). Additionally NFKB1, and LEF1 were enriched 
in the spinal cord.  
 
 
Figure 5: Enriched Transcription Factor Networks Among DE Genes at 12 Weeks 
Post Injury. Networks are shown for the spinal cord (A) and brain (B). Connections 
in network diagrams indicate significant overlap among TF targets. All TFs in 
networks are enriched with p0.01. 
 33 
 
Taken together, these data indicate that a new molecular program is present after 
recovery from SCI, even when behavioral recovery appears to have been successfully 
achieved. 
 
Analysis of Gene Families Involved in Mammalian Spinal Cord Injury or 
Peripheral Nerve Injury 
In order to evaluate the expression levels of genes identified previously to 
participate in regeneration of the mammalian PNS, the transcriptome data set was 
analyzed in a biased manner for genes of interest. First, regeneration associated genes 
(RAGs), which were identified to promote regeneration after nervous system injury in 
mammals, were evaluated (Chandran, 2016; J. Smith et al., 2011; Lerch et al., 2012). 
Both raw expression data and log2-fold changes are shown.  The raw expression data 
provides a context to evaluate the magnitude and significance of fold change data. In the 
uninjured lamprey spinal cord and brain, individual RAGs were expressed at variable 
levels (Figure 6). In the spinal cord at 12WPI, expression of SMAD7, REL, and ATF3 
was increased, and expression of HDACs was decreased, while SOX family members 
and JUN were largely unchanged (Figure 6A).  Interestingly, ATF3, a TF that promotes 
axon regeneration in the mammalian PNS, as well as central axon branches in DRG 
neurons, is robustly induced in the spinal cord even after functional recovery has been 
achieved at 12WPI. (Fagoe, Heest & Verhaagen, 2014; Greer, McGinn & Povlishock, 
2011). In the brain, the majority of RAGs had similar expression in the uninjured state 
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and at 12WPI, with a slight increase in expression of ATF3, KLF family members and 
AP1M1 (Figure 6B).  
 
 
Figure 6: Gene Expression and Fold Change Data for Regeneration Associated 
Genes (RAGs). Expression and fold change data are displayed for the spinal cord 
(A) and brain (B). Left panels show expression data and right panels show log2-fold 
changes at 12WPI relative to the uninjured state. TPM = transcripts per million 
reads.  
The expression of other gene families commonly studied in the context of PNS or 
CNS regeneration was also evaluated. In particular, because of their relevance to spinal 
cord regeneration, axon growth and guidance (Figure 7) and ECM (Figure 8) related 
genes were investigated. Genes displayed are broadly representative of each category, but 
are not intended to be an exhaustive gene list. In agreement with previous lamprey SCI 
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studies, cytoskeletal neurofilament and synaptic vesicle protein synapsin family members 
were increased, and axon guidance semaphorin family members displayed a mix of 
increased and decreased expression in both spinal cord and brain (Figure 7) (Lau et al., 
2011; Shifman & Selzer, 2007; Zhang, Jin, Hu, Rodemer & Selzer, 2015). Broadly 
speaking, many growth-promoting genes were upregulated at 12WPI in the spinal cord 
(e.g. SNAP25, ACTA), while growth-restricting genes were downregulated (e.g. RhoB, 
Slit, Robo) (Figure 7A). ECM genes were generally upregulated (e.g. collagens, laminins, 
ADAMs, TIMPs), suggesting that major reorganization of the ECM supports or at least 
does not inhibit regeneration in lampreys, and that these changes are still ongoing once 
functional recovery is observed (Figure 8). 
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Figure 7: Gene Expression and Fold Change Data for Genes Related to Axon 
Growth and Guidance. Expression and fold change data are displayed for the spinal 
cord (A) and brain (B). Left panels show expression data and right panels show log2-
fold changes at 12WPI relative to the uninjured state. TPM = transcripts per million 
reads.  
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Figure 8: Gene Expression and Fold Change Data for Genes Related to the 
Extracellular Matrix. Expression and fold change data are displayed for the spinal 
cord (A) and brain (B). Left panels show expression data and right panels show log2-
fold changes at 12WPI relative to the uninjured state. TPM = transcripts per million 
reads. 
 
Because of their relevance to tissue that is injured and is regenerating, expression 
of genes related to cell proliferation and cell death were also examined (Figure 9). 
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Reflecting ongoing tissue repair and injury-induced morphogenesis (Oliphint, 2010; 
Rovainen, 1976), many cell proliferation related genes (e.g., CCNA2, EHF, NPM1) were 
increased in expression in the spinal cord at 12WPI (Figure 9A). Expression of genes 
related to cell death were also increased in the spinal cord at 12WPI (e.g. BAG2, SNCA) 
(Figure 9C). SNCA is a gene whose overexpression can be related to neurodegeneration 
in Parkinson’s disease (Spillantini, Crowther, Jakes, Hasegawa & Goedert, 1998; 
Trojanowski & Lee, 2001). Previous work in lamprey indicates that SCI-induced 
accumulation of synuclein protein in dying neurons occurs following SCI (Fogerson et 
al., 2016). Thus, this transcriptional data supports the idea that regeneration and 
functional recovery in lampreys is ongoing at 12WPI, \ supported by molecular programs 
involving both cell proliferation and cell death. 
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Figure 9: Gene Expression and Fold Change Data for Genes Related to Proliferation 
and Cell Death. Expression and fold change data are displayed for the spinal cord 
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(A,C) and brain (B,D). Left panels show expression data and right panels show log2-
fold changes at 12WPI relative to the uninjured state. TPM = transcripts per million 
reads. 
The immune system has been shown to have both positive and negative effects on 
regeneration in mammalian models of SCI, as immune cells are needed to clean up debris 
at the injury site and may also secrete growth factors that support neurons (Benowitz & 
Popovich, 2011). In the present study, the transcriptional response among immune related 
genes was complex (Figure 10). Cytokines, chemokines and their receptors, NF-kB 
pathway members, and inflammasome genes are expressed in the uninjured spinal cord 
and brain (Figure 10). CASP3 and CARD11, IL-8, CXCR4 and TNF receptor 
superfamily member 17, were increased at 12WPI, which may indicate changes in the 
immune response that do not inhibit neuronal regeneration or functional recovery (Figure 
10A). Expression of immune related genes in the brain differed from the spinal cord, with 
the majority of transcripts exhibiting consistent or slightly decreased expression from the 
uninjured state. In the spinal cord, immune-related genes that are downregulated after 
SCI included platelet derived growth factor (PDGFC), IL-17 Receptor A (Figure 10A). In 
the brain, IL-17RA, CASP6 and members of the TNF receptor superfamily displayed 
decreased expression  (Figure 10B).  
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Figure 10: Gene Expression and Fold Change Data for Genes Related to Immune 
Function. Expression and fold change data are displayed for the spinal cord (A) and 
brain (B). Left panels show expression data and right panels show log2-fold changes 
at 12WPI relative to the uninjured state. TPM = transcripts per million reads. 
 
The role of Wnt (“wingless-related integration site”) signaling after SCI in 
mammals is complex and still controversial given the observation of highly variable 
results among different rat and mouse models (Lambert, Cisternas & Inestresa, 2016; Liu 
et al., 2008; Hollis & Zou, 2012; Miyashita et al., 2009). However, Wnts appear to be 
pro-regenerative after SCI in zebrafish and after tail injury in salamander (Briona, 
Poulain, Mosimann & Dorsky, 2015; Onishi, Hollis & Zou, 2014; Ponomareva, 
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Athippozhy, Thorson & Voss, 2015; Strand et al. 2016). In fact, Voss and colleagues 
recently demonstrated that incubation in C59, a drug that inhibits PORCN, blocked 
salamander tail regeneration (Ponomareva, Athippozhy, Thorson & Voss, 2015; Proffitt 
et al., 2012). In the present study, several Wnt and Frizzled family members, as well as 
genes that encode proteins involved in intracellular Wnt signaling were expressed in the 
spinal cord and brain (Figure 11). In the spinal cord, expression of PLCG, SFRP, 
CTNNB1 were increased at 12WPI compared to the uninjured state, while expression of 
AXIN1, CDH and WNT family members was decreased (Figure 11A). In the brain, 
expression of CDH was increased, which is different from its expression in the spinal 
cord, while several WNT and FZD family members were decreased in expression at 
12WPI in the brain,   consistent with expression observed in the spinal cord (Figure 11B). 
These results indicate that changes in the expression of genes related to WNT signaling 
occur after SCI in lamprey, and persist after functional recovery has been achieved. 
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Figure 11: Gene Expression and Fold Change Data for Genes Related to Wnt 
Signaling. Expression and fold change data are displayed for the spinal cord (A) and 
brain (B). Left panels show expression data and right panels show log2-fold changes 
at 12WPI relative to the uninjured state. TPM = transcripts per million reads. 
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DISCUSSION 
 
Results from this study reveal several key findings. First, the most highly 
expressed genes in the uninjured spinal cord and brain appear to be related to cellular 
maintenance programs. Additionally, in the uninjured animal, many highly abundant 
genes play a role in cell proliferation and developmental processes, suggesting that 
lamprey CNS tissue may contain pro-regenerative signals that support or are permissive 
to axonal regeneration. Second, SCI induces robust changes in gene expression in the 
spinal cord and brain, with the induction of new molecular pathways at 12WPI, 
corresponding to when behavioral recovery of swimming ability has been achieved. This 
molecular program was different than the uninjured state. Taken together, these results 
indicate that chronic stages of functional recovery occur in a new molecular context and 
are not a simple restoration to the uninjured transcriptional program. Dynamic gene 
expression changes observed at 12WPI the brain indicate that supraspinal responses 
occur and may be an important influence on anatomical and functional recovery in the 
spinal cord. Third, the lamprey CNS expresses homologs of many mammalian CNS 
genes, indicating a high degree of molecular conservation across vertebrates. Since SCI 
induces long lasting expression of many genes associated with regeneration in the 
mammalian PNS, the lamprey is a powerful model for identifying and studying 
fundamental, pro-regenerative molecular pathways with translational relevance 
(Chandran et al., 2016; Hui et al., 2014; Lerch et al., 2012; Monaghan et al., 2007; 
Rasmussen & Sagasti, 2017). 
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 The comparison of highly expressed genes in the spinal cord and brain yielded 
largely overlapping results, especially for the top 30 significantly enriched GO categories 
(Tables 1, 3, 6). This is a reasonable result for a comparison of abundant genes in two 
CNS tissues, in addition to several significant differences among enrichment results for 
the two tissues (Tables 2, 3. Perhaps one of the most interesting results derived from this 
analysis was the enrichment of the TF, hypoxia inducible factor-1 alpha HIF1A in the 
TRANSFAC/JASPAR TF networks in both spinal cord and brain (Figure 1-2). 
Confirming these results in an independent database, the HIF-1 signaling pathway was 
enriched among KEGG results for abundant genes in both the spinal cord as well as 
brain. These results are particularly interesting, as induction of HIF gene expression by 
small molecule activation or repetitive acute intermittent hypoxia, has been found to have 
neuroprotective effects in rodent models of spinal cord injury (Ratan et al., 2008; 
Satriotomo et al., 2016).  
Previous studies have shown that SCI alters expression of genes related to axon 
growth and guidance within the somata of reticulospinal neurons in the brain and in the 
tips of regenerating axons (Jin, Pennise, Rodemer, Jahn & Selzer, 2016; Shifman & 
Selzer, 2007).  Here, several of the top 30 most highly enriched categories in the brain 
were related to tissue morphogenesis, development and differentiation, suggesting that 
the brain milieu may be pro-regenerative both before and after SCI. These results confirm 
and lend support to the idea that supraspinal changes in gene expression accompany 
successful functional recovery in the lamprey. 
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The large number of DE genes in both spinal cord and brain at 12WPI (Figure 4) 
supports the idea that substantial changes in gene expression exist even after physical 
recovery from SCI has occurred in the lamprey. While most people find the swimming 
abilities of uninjured and 12WPI recovered animals indistinguishable by eye, there are 
more subtle differences when movement analyses are performed (Oliphint et al 2011).  
NFkB1, a master regulator of the immune system and growth factors, and LEF1, a 
member of the canonical Wnt pathway, which has been implicated in tissue regeneration 
in several species, were both DE in spinal cord and brain at 12WPI (Figure 5) (Lambert, 
Cisternas & Inestrosa, 2016; Onishi, Hollis & Zou, 2014). In addition, many TFs with 
targets enriched amongst DE genes were previously identified in the mammalian PNS as 
regeneration-associated genes including CEBPB, GATA2, JUN, and LEF1 (Figure 5A-
B). These data indicate that the lamprey CNS utilizes highly conserved TF networks and 
signaling pathways that support neural repair and regeneration in non-mammalian 
species, as well as the mammalian PNS (Chandran et al., 2016; Lerch et al. 2012; Lerch, 
Martinez-Ondaro, Bixby & Lemmon, 2014; R. Smith et al., 2011; Strand et al., 2016). 
Importantly, data presented here indicate the existence of a highly conserved 
molecular cascade that supports CNS regeneration that could potentially be useful across 
vertebrate lineages. Multiple independent bioinformatics platforms used to analyze the 
transcriptional profiles occurring after SCI and functional recovery identified several 
biological pathways regulated in response to neural injury in other vertebrates. Among 
these, one of the most prominent gene families identified was the RAG TFs first defined 
in studies of mammalian PNS injury (Figure 6). One of the most strikingly induced 
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RAGs we identified in spinal cord after SCI was the TF ATF3 (Figure 6). In mammals, 
ATF3 enhances neurite outgrowth, by promoting effects of JUN (Seijffers, Allchorne & 
Woolf, 2006). Recent microarray analyses also revealed that ATF3 is upregulated after 
SCI in zebrafish (Hui et al., 2014). JUN was increased in expression at 12WPI in the 
spinal cord (Figure 6), and JUND was significantly enriched in lamprey brain at 12WPI 
(Figure 5). JUN has been shown to promote outgrowth of mammalian axons (Lerch, 
Martinez-Ondaro, Bixby & Lemmon, 2014; Chandran et al., 2017). DRGs are peripheral 
neurons with high regenerative potential, and ATF3 and JUN were recently identified as 
hubs in TF networks that promote regeneration of dorsal root ganglion (DRG) neurons in 
mammals (Chandran et al., 2016). This study also showed that ATF3 and JUN can act 
synergistically to promote growth of DRG axons in vitro (Chandran et al., 2017). Finally, 
several members of the Wnt pathway were also expressed in lamprey (Figure 11). Wnt 
family members have been shown to promote axonal regeneration after injury across a 
variety of species, including mammals, salamander and zebrafish (Hui et al., 2014; 
Onishi, Hollis & Zou, 2014; Ponomareva, Athippozhy, Thorson & Voss, 2015). Thus, 
ATF3, JUN, and Wnt, among others, may promote axon regrowth and support recovery 
across non-mammalian species. The RAGs are therefore important candidates for future 
functional and interventional studies, as are genes related to axon growth and guidance 
(Figure 7) and Wnt Signaling (Figure 11) (Chandran et al., 2016; Niekerk, Tuszynski, Lu, 
& Dulin, 2016; Rasmussen & Sagasti, 2016).  
 
 48 
 
The altered expression of many ECM (Figure 8), cell proliferation, and cell death 
(Figure 9) genes after SCI are likely reflective of the high degree of tissue repair and 
reorganization needed for the lamprey to recover from complete spinal cord transection. 
Despite its distant location from the injured spinal lesion, many cell proliferation genes 
were also increased in brain tissue (Figure 9). This may be a result of injury-induced 
gliogenesis and neurogenesis within the ependyma (Zhang, Jin, Hu, Rodemer & Selzer, 
2015).  
Inflammation is necessary for wound healing and aids axonal regeneration in 
mammals (Popovich, 2014; Schwab, Zhang, Kopp, Brommer & Popovich, 2014). 
Although it can be beneficial, inflammation can also cause increased neuronal loss and 
create further damage following SCI (Popovich, 2014; Schwab, Zhang, Kopp, Brommer 
& Popovich, 2014). To date, there is limited information on the immune-related 
responses to SCI in lampreys or in other highly regenerative non-mammalian vertebrates 
(Bloom Experimental Neurology 2014). In a zebrafish model of traumatic brain injury, 
inflammatory pathways have been shown to activate regenerative responses (Kyritsis et 
al., 2012). Lampreys have both innate and adaptive immune systems, and immune 
responses to SCI in lamprey have been observed previously (Guo, 2009). Immediately 
following spinal cord transection, the central canal enlarges, a blood clot forms and blood 
cells accumulate, ependymal cells from the central canal proliferate across the lesion, 
followed by the formation of a glial-ependymal scar (Lurie, Pijak & Selzer, 1994; Lurie 
& Selzer, 1991a; Lurie & Selzer, 1991b; Rovainen, 1976; Selzer, 1978). Unlike the 
lamprey, there is a large accumulation of astrocytes in the glial scar following SCI in 
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mammalian species (Lurie, Pijak & Selzer, 1994). Both mammals and lamprey, however, 
display an increase in activated microglia in the spinal cord, which persist for weeks after 
injury (Shifman & Selzer, 2007; Shifman, Yumul, Laramore & Selzer, 2009). Here, we 
identified several genes related to immune function that were altered at 12WPI in spinal 
cord and brain (Figure 10). From these data alone it is not possible to conclude if 
immune-related genes play a positive or negative role in regeneration after SCI in 
lamprey. What can be concluded, however, is that immune responses to SCI do not fully 
resolve prior to initiation of swimming behavior in the lamprey. It is likely that multiple 
cell types of neuronal and non-neuronal origin contribute to this complex gene expression 
profile, and functional studies in the lamprey SCI model will be required to understand 
these immune responses more completely. 
Although several new insights are provided by these RNA-seq data, there are 
several limitations to the study that must be acknowledged. The current lamprey 
reference transcriptome is incomplete (J. J. Smith, 2013), thus preventing an assessment 
of all genes expressed in the CNS after SCI. Future versions of the lamprey genome will 
incorporate germline-specific regions, as well as more diverse transcriptomic datasets (S. 
Bryant, Herdy, Amemiya & J. J. Smith; Chung-Davidson years). In addition, the tools 
necessary to perform functional genetic analyses in lamprey are not as well developed as 
in other SCI models. However, molecular tools to manipulate gene expression and 
pharmacological agents have been used in lampreys, indicating functional analyses after 
experimental perturbations are possible (Fogerson, 2016; Hall, Yao & Lee, 1997; Jin et 
al., 2009; Lau, Fogerson, Walsh & Morgan, 2013; McCauley & Bronner-Fraser, 2006; 
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Square et al., 2015; Zhang, Jin, Hu, Rodemer & Selzer, 2015). In this study, whole tissue 
samples were used for brain, which contains reticulospinal and other neurons axotomized 
by SCI. Future studies that perform RNA-seq on specific brain or spinal cord regions or 
cell types may further clarify the degree and origin of transcriptional changes following 
SCI. Additionally, this study can only report on gene expression data and identify 
molecular pathways that are altered once functional recovery has occurred. Additional 
studies that include frequent sampling over the entire time course of recovery are 
necessary to identify a more complete description of the molecular profile accompanying 
successful recovery from CNS injury in the lamprey (and belong to the larger study 
ongoing in the Bloom and Morgan labs). Despite these caveats, this study provides a 
unique biological dataset to identify and evaluate the relevant molecular factors and 
pathways that play a role in the uninjured state, and at chronic stages of functional 
recovery from SCI in the lamprey. 
The data obtained and analyses discussed here may be particularly valuable in 
understanding how regeneration is differentially regulated across species. These data will 
allow us to predict pro-regenerative pathways that are both evolutionarily conserved, and 
those that are unique to lamprey. It will also allow us to predict anti-regenerative 
pathways regulated by inflammation or other cellular processes that are evolutionarily 
conserved, along with those that are unique to lamprey. In future studies, these 
predictions will be functionally tested and new targets will be identified for interventional 
studies in mammalian models of axonal injury and regeneration.  
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